Singlet fission is the spin allowed conversion of a photo-generated singlet exciton into two triplet excitons in organic semiconductors, which could enable single-junction photovoltaic cells to break the Shockley-Queisser limit. The conversion of singlets to free triplets is mediated by an intermediate correlated triplet pair (TT) state, but an understanding of how the formation and dissociation of these states depend on energetics and morphology is lacking. In this study, we probe the dynamics of TT states in a model endothermic fission system, TIPS-Tc nanoparticles, which show a mixture of crystalline and disordered regions. We observe the formation of different TT states, with varying yield and different rates of singlet decay, depending on the excitation energy. An emissive TT state is observed to grow in over 1ns when exciting at 480nm, in contrast to excitation at lower energies where this emissive TT state is not observed. This suggests that the pathway for singlet fission in these nanoparticles is strongly influenced by the initial sub-100 fs relaxation of the photoexcited state away from the Frank-Condon point, with multiple possible TT states. On nanosecond timescales, the TT states are converted to free triplets, which suggests that TT states might diffuse into the disordered regions of the nanoparticles where their breakup to free triplets is favored. The free triplets then decay on µs timescales, despite the confined nature of the system. Our results provide important insights into the mechanism of endothermic singlet fission and the design of nanostructures to harness singlet fission.
Introduction
Conventional single junction photovoltaic (PV) devices are limited to an energy conversion efficiency of 33.7 % under 1 Sun illumination 1 . These losses arise largely from transmission of sub-band gap photons and the thermalisation of photon energy in excess of the band gap. Singlet exciton fission is a process wherein an optically generated spin-0 singlet exciton splits to form two spin-1 triplet excitons. The process is mediated by triplet-pair state (TT state), which is generated from the photogenerated singlet state and in which the triplets initially have (anti-)correlated spins 2,3 , i.e. a spin-0 state. The generation of two excitons from a single photon can be exploited to augment the current of solar cell, raising the thermodynamic limiting efficiency to 45 .9% [4] [5] [6] [7] [8] .
Singlet fission is observed in various organic materials such as acenes [9] [10] [11] [12] , biradicaloids 13, 14 , polymer aggregates such as carotenoids [15] [16] [17] etc. Conventionally, the process of singlet fission is contingent on the condition that the energy of the singlet state must be close to twice the energy of the triplet state. The difference between the singlet energy and twice that of the triplet energy, ΔE = 2E(T 1 ) -E(S 1 ), is used to define singlet fission materials into exothermic (ΔE < 0), isoergic (ΔE = 0) and endothermic (ΔE > 0) systems. While singlet fission has been extensively studied in exothermic systems, endothermic systems are of particular interest due to their potential use in devices (see below). But these systems are not as widely studied and not as well understood as exothermic fission systems. This is true even for Tetracene, the most extensively studied endothermic singlet fission system [18] [19] [20] [21] [22] .
Here, we study a tetracene derivative 5,12-bis(triisopropylsilylethynyl)tetracene (TIPS-Tc). TIPS-Tc is more soluble in organic solvents, improving its processing from solution and opening up interesting device fabrication opportunities.
Importantly, the triplet energy of TIPS-Tc, 1.2 -1.3 eV means that it could compliment Si in PV devices (bandgap 1.1 eV). This makes it an interesting system to probe the dynamics of endothermic fission. The various excited states in the process of singlet fission and their absorption signatures have been previously characterized for solution 23 and films 24 of TIPS-Tc. Recently, for TIPS-Tc, it has been observed that TT states are formed from the photogenerated singlet state on 300fs timescales, mush faster than previously considered possible in endothermic fission systems. The subsequent behavior of these TT states was found to be dependent on morphology. In crystalline films free triplet excitons are not formed and TT states remain bound, while free triplets are formed on ns timescales via the breakup of TT states in disordered films 24 . This difference has been attributed to the change in triplet hopping rates between crystalline and disordered regions. These surprising results raise the questions of how the formation and decay dynamics of TT states in endothermic fission systems are dependent on nano-morphology, something that has not been probed till date. This is in contrast to say the field of organic photovoltaics where the critical effect of nano-morphology on photophysics and device performance has been widely recognized and extensive studies have been carried out [25] [26] [27] [28] [29] [30] [31] [32] [33] . Thus, if endothermic fission materials are to be used in practical devices, it is important to establish the link between nano-morphology and photophysics, with the aim of providing design rules for future materials and devices.
In this work, we study the formation and decay dynamics of TT states in a model singlet fission system, nanoparticles of TIPS-Tc. Nanoparticles of acene derivatives of pentacene and tetracene have been studied [34] [35] [36] previously in nanoparticles of size above 100 nm, but the dynamics of TT states have not been explicitly addressed. As we discuss below, nanoparticles in this study show a mixture of crystalline and disordered regions. This is unlike the model crystalline and disordered films studied previously. It practical devices, it is likely that organic thin films will show a mixture of crystalline and disordered regions, but studying such films is complicated by problems of sample reproducibility. In contrast, the nanoparticle system used here allows us to form reproducible nanostructures consisting of a crystalline core surrounded by a disordered shell. The size of the nanoparticles is also controlled to be comparable to the exciton diffusion length in these systems. Using ultrafast pumpprobe spectroscopy and time-resolved photoluminescence spectroscopy, we identify the spectral features associated with the TT state and observe its formation in sub-500 fs timescales. We observe that the formation of this state is highly dependent on the excitation energy; higher photon energy leads to slower formation of TT and slower decay of the stimulated emission from the singlet exciton, as well as lower overall TT 
Materials and Methods

Materials
5,12-bis(triisopropylsilylethynyl)tetracene or TIPS-Tc, was synthesized as described previously 37 . Reagent grade Tetrahydrofuran (THF), deuterated THF (THF-d8), D 2 O, Gelatin type A polymer from porcine skin were purchased from Sigma-Aldrich and were used without further purification except for gelatin. While preparing gelatin for making thin films of the sample, the high molecular weight component of the polymer sample was separated by centrifugation and was used after washing with acetone.
Sample preparation
Nanoparticles of the acene were synthesized using an extensively reported method of re-precipitation [34] [35] [36] 38, 39 , starting from a batch of crystalline powder of TIPS-Tc. 100
µL of a 0.6 mg/mL solution of the acene in tetrahydrofuran (THF) was rapidly injected into 5 mL of de-ionized water under stirring and left for growth at room temperature in a dark, inert environment. After 30 minutes of stirring of the solution steady-state absorption and photoluminescence measurements were performed. After the reaction, the nanoparticle solution and spincoated films were observed to degrade over time and upon laser exposure. To improve the stability of the nanoparticles for spectroscopic studies, the nanoparticles were embedded in a matrix made of gelatin polymer. For this, the high molecular part of type A gelatin was obtained by dissolving in water at 55-60 ºC and precipitating it out by centrifugation. 200 µL of the nanoparticles dispersed in water was then added to the polymer solution slowly, under stirring and maintaining the temperature at 55 ºC for 30 minutes. To make films of the sample, 150 µL of the nanoparticle-gelatin solution were drop-cast on spectrosil substrates in an inert atmosphere at room temperature for the gelatin to solidify. The films were encapsulated in inert atmosphere and used for spectroscopic studies after several days. For transmission electron microscopy (TEM), 20 µL of the nanoparticles dispersed in water was drop-cast on a carbon film coated copper TEM grid with a mesh size of 200.
Characterization
UV-Vis absorption studies of all the samples were recorded using a Cary 400 UVVisible spectrometer in the wavelength range of 350-800 nm, in a 10 mm path length quartz cuvette. Transmission electron microscopy (TEM) measurements of the samples were done on a Fei Tecnai F20 200 kV high-resolution electron microscope.
Analysis of TEM images were done using ImageJ 1.50 b and simulation of X-ray diffraction pattern from the crystal structure was performed by using Mercury 3.9
(build RC1).
Steady-state photoluminescence spectra of the samples were recorded with a pulsed laser (PicoQuant LDH400 40 MHz) at 470 nm and collected on a 500 mm focal length spectrograph (Princeton Instruments, SpectraPro2500i) with a cooled CCD camera. To record the time-resolved emission scan (TRES) or photoluminescence decay of the samples, time-correlated single photon counting (TCSPC) was performed, which is incorporated with the above-mentioned steady-state setup, with a time resolution of 300 ps.
The TA experiments conducted on gelatin matrix samples in different temporal and spectral time domains: ultrafast time delay (40 fs -180 ps), short time delay (500 fs -1.2 ns) and electronically controlled long time delay (1 ns -1 ms) experiments using visible (520 nm -850 nm) and near-IR (920 nm -1200 nm) probes. The ultra-fast TA experiments were performed using a Yb-based amplified system (PHAROS, Light Conversion) providing 14.5 W at 1025 nm and 38 kHz repetition rate. The probe beam is generated by focusing a portion of the fundamental in a 4 mm YAG substrate, and spans from 520-900 nm. The pump beam is generated in a non-collinear optical parametric amplifiers (NOPAs; 37° cut BBO, type I, 5° external angle) pumped with the third harmonic of the source. The NOPA outputs 1mW power centered at 530 nm, with pulse durations <12 fs (upper limit determined by frequency resolved opticalgating, FROG). The white light is delayed using a computer-controlled piezoelectric translation stage, and a sequence of probe pulses with and without pump is generated using a chopper wheel on the pump beam. After the sample, the probe pulses are seeded through a visible (550 nm blazed grating) spectrograph, and imaged using an
InGaAs photodiode array camera (Sensors Unlimited).
For short time measurements (1 ps -1.2 ns), the laser source that is used to generate the probe and pump (short time delay) beams with a frequency of 1 kHz was a Ti:
sapphire amplifier system (Spectra-Physics Solstice). A part of the 1 kHz pulse pumps a TOPAS optical parametric amplifier whose output is led to a delay stage that helps in producing a tunable excitation source for short-time measurements. Another part of the output from the Ti: sapphire system is used to generate broadband probe beams in the visible and near-IR region. Excitation energy dependence (λ exc = 532 nm, 500 nm and 480 nm) and fluence dependence measurements were also carried out on the same sample with the above-mentioned conditions. For long time delay measurements (1 ns -100 µs) an Nd: YVO4 laser (AOT-YVO-25QSPX, Advanced
Optical Technologies) with electronically controlled delay was used. The pump and probe beams are overlapped on the sample adjacent to a reference probe beam. This reference is used to account for any shot-to-shot variation in transmission. The beams are focused into an imaging spectrometer (Andor, Shamrock SR 303i) and detected using a pair of linear image sensors (Hamamatsu, G11608) driven and read out at the full laser repetition rate by a custom-built board from Stresing Entwicklungsburo. A mechanical/electronic chopper is used to have pump on and pump off periods during all measurements, that enable the system software to calculate differential transmission, ΔT/T.
In pump-probe experiments as described above, differential transmission (ΔT/T) 
Results and Discussion
The nanoparticles of TIPS-Tc were embedded in a gelatin matrix as explained in the experimental section, and were used for all the measurements presented in this study after several days of ageing. This size is comparable to the exciton diffusion length of triplet excitons in this system. 11, 40 The TEM images of the aged nanoparticles show interference fringes at their center revealing the crystalline nature of the core while the shell surrounding the core appears disordered. This means that these nanoparticles contain both crystalline and disordered regions, which have previously been studied separately in thin films and shown to have very different TT state decay dynamics 24 . The synthesis was repeated with high degree of reproducibility in terms of stability, morphology and size control of the nanoparticles. This allows us to probe a highly reproducible nanostructure, unlike thin films, where attempts to form both crystalline and disordered domains within the same films results in wide sample to sample variation.
A more descriptive analysis of size and crystallinity of the nanoparticle based on 
Excitation energy dependence of early-time dynamics
Transient absorption data, ranging from 1 ps to 1.2 ns, of the nanoparticles when excited a 100 fs narrowband pulse at 532 nm, 500 nm and 480 nm are shown in figure   5a . Kinetics of the decay of 580 nm band (SE of S 1 ) gives a singlet lifetime of 12 ps when excited at 532 nm, 17 ps when excited at 500 nm and 28 ps at 480 nm excitation. This is different from the singlet lifetime obtained from broadband excitation, 18 ps, as this femtosecond broadband pump (peak: 530 nm, FWHM: 50 nm) excites a broad ensemble of states, whereas the narrowband excitation excites specific sub-ensembles of electronic states. Importantly, when excited at 500 nm and 480 nm, we see the emergence (by a delay of 1 ns) of a spectrally different second species with increasing positive ΔT/T around 650 nm (purple region). We return to this feature below. Other changes on exciting with a higher energy excitation include:
the near-IR peak at 835 nm becomes sharper and more structured (blue region), the presence of a sharper 900 nm peak (orange region) and 964 nm peak (grey region) of which the latter two were absent in 532 nm excitation. The 964 nm (1.29 eV) peak has been previously linked with the formation of a TT species in a previous report on TIPS-Tc 24 . However, in this study, we see the 964 nm peak at times as early as 1 ps which is indicative of prompt formation of the TT state. Global analysis of the data by GA identifies two distinct species when excited at each of these three energies, as shown in figure 6a and 6b. Based on previous reports 23, 24 and the fs-TA data presented in figure 4 we assign these two species to the singlet and correlated TT states. governs the equilibrium between singlet and TT states, thus causing seemingly noncorrelated TT rise-time and singlet decay constant. This would explain why the respective time constants vary with excitation energy as well (3) TT states formed undergo annihilation and re-form singlet states giving rise to longer singlet lifetimes that do not correlate with TT rise-times. However, within the current data set it is difficult to establish which of these possibilities is dominant. We note that the difference in these excitation energies is only 150-200 meV and thus it is surprising to observe such pronounced differences in the resulting dynamics.
While the singlet spectral features at the different pump wavelengths are the same as in the femtosecond data shown in figure 4 , the TT spectrum is found to change with excitation energy. For 480 nm excitation, a delayed positive feature appears near 650 nm (1 ns spectrum, see figure 5a purple region), which is less pronounced when excited at 500 nm and completely absent under 532 nm excitation. The delayed rise of this feature matches the delayed rise of emission from the low energy species (> 620 nm) observed in the TRES data (figure 3b). This delayed broad emission from the TRES data at longer times has been identified as emission from the TT state (as discussed before). Consequently, along with supportive evidence from GA analysis, the late-forming species in the TA experiment is assigned the TT state. This means that the positive band around 630 nm in the TA spectra, when excited at higher energies, arises due to stimulated emission from the TT state, suggesting that the TT state can now directly relax to the S 0 state, as illustrated in figure 6c. As the TT state cannot be directly photo-excited from the ground state geometry of S 0 , this implies that the molecules are no longer in the ground state geometry. This is not surprising as the excited state wavepacket will move (on the potential energy surface) away from the Frank-Condon point following the initial photoexcitation. The change in molecular geometry can enable previously forbidden transitions to become allowed.
Emission from the TT state has been observed in acenes 23, 24, 41, 42 . Combined with twophoton photoemission studies 43, 44 this suggests that the initially prepared singlet states have some multiexciton character. It therefore follows that the TT state has finite S 1 character. As such, a Herzberg-Teller (HT) type mechanism has recently been invoked to explain direct PL from TT states in acenes 45 . Considering a four orbital basis of the pair excitation states 46 , this necessitates an inter-chromophore exchange coupling which breaks the degeneracy between singlet and quintet TT pairs 47 . Recent studies on films of TIPS-tetracene place an upper bound of 4.2 meV on this exchange energy 22 . We note that the multiexciton states in the nanoparticles seen as a function of pump energy are unlikely to be of quintet character because (1) they are formed in picoseconds as opposed to slower (nanoseconds) formation of quintets previously observed in TIPS-tetracene films 22 and (2) they decouple into free triplets in nanoseconds as discussed later in this work.
Here we observe not just PL, but pump energy dependent stimulated emission directly from the TT states. When the system is excited with different energies, the initial Frank-Condon point is varied, see figure 6c , and hence the relaxation pathway for the excited state changes. Our results show that depending on where on the excited state potential energy surface the initial wavepacket is formed, the evolution of S 1 to TT can take longer, as evidenced by the change in decay rate of the stimulated emission from S 1 , and that the TT state that the system relaxes to can be completely different with different yields.
Further to excitation energy dependent ps-TA experiments above, time-resolved photoluminescence measurements were done at 530 nm, 500 nm and 480 nm excitations, leading to the formation of dark and/or bright TT species selectively at different energies (supplementary information, figure 5 ). While previously assigned broad emission from the TT state around 620 nm is present when excited at 480 nm and 500 nm, at 532 nm the photoluminescence spectrum is dominated by emission from the singlet which also differ in kinetics from the former. The kinetics of singletlike and TT-like regions from these measurements confirm the presence of multiple species and more importantly, different TT states being formed when excited at different energies.
In order to gain a more complete picture of the effect morphology and the generality of the above presented picture for multiple TT state formation, we have conducted picosecond narrowband transient absorption experiments at different excitation energies, on disordered thin films of TIPS-T (see SI figure 7 ). For excitation at 532nm, the TT formed has a flat absorption beyond 600 nm. However, at 480 nm excitation the TT state spectrum shows a positive-feature around 650 nm which is akin to the spectra feature assigned to stimulated emission from the TT state in the case of the nanoparticles. We note that these features are more difficult to detect in the thin films, due to signal to noise considerations, which makes the nanoparticle system better suited to examine these processes. However, the observation of different These free triplets are present for longer than 100 µs, despite the confined nature of the nanoparticle. This long triplet lifetime is beneficial for device applications of singlet fission.
As previously described, from time-resolved photoluminescence measurements, the broad peak above 610 nm is assigned to the TT state, while the 545 nm peak is assigned to the singlet. Figure 8 shows the kinetics of emission at 545 nm and 660 nm overlapped with the decay of the 965-970 nm TA band assigned to TT at early times and free triplets at later times. The kinetics of the 660 nm emission from the TT state matches the TA kinetics until about 10 ns after which they diverge due to decoupling to form free triplets. This is consistent with the timescale for the formation of free triplets, and further confirms the spectral assignments. Table 1 summarises all spectral assignments and time constants associated with different species, along with the experimental conditions for them.
Previously, it has been shown that TT states form rapidly in both polycrystalline and disordered films, but that in polycrystalline films TT states remained bound out to µs timescales. In contrast, in disordered films TT states decoupled to form free triplets on ns timescales 24 . The nanoparticles studied here have a crystalline core and disordered shell, as shown in figure 2b. As singlet excitons will form in both the disordered and crystalline parts of the nanoparticle upon photoexcitation, it is expected that TT states will form in both phases on ps and sub-ps timescales. But we do not observe any features consistent with long-lived (µs) TT states, see figure 7 . This suggests the possibility that TT states formed within the crystalline core maybe diffusing into the disordered exterior regions, where they decouple to form free triplets. The diffusion of TT states is an unexplored area and our results hint that this process might be possible and a very important step in the generation of free triplets.
Conclusions
In this work, we have synthesized and studied the dynamics of nanoparticles of TIPS- where the yield and reaction pathway are strongly dependent on the shape of the potential energy surface and the way the wavefunction approaches the state crossing, rather than simple energetics and couplings between states in the ground state geometry of the system. Future theoretical work will need to explicitly consider the possibility of multiple trajectories along different potential energy surfaces, in order to provide a more complete description of the fission process. On nanosecond timescales, we observe the evolution to the TT states to free triplets, suggesting that TT states may be diffusing from the crystalline core of the particle to the disordered exterior, where the decoupling of TT into free triplets is favored, as seen in disordered films before 24 . This highlights the importance of TT state diffusion to the fission process, something that has until now been unexplored. It is possible that this TT state diffusion may also play a role in the crystallite size dependence of fission seen in other systems 27, 32 . In future, careful control of morphology, like that undertaken in organic photovoltaics, could result in optimized nanostructures where the directed flow and dissociation of TT states is achieved to maximize the generation of free triples for device applications.
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Corresponding Author *ar525@cam.ac.uk ) shows the kinetics of singlet and TT states obtained from global analysis of data shown in (a) using a genetic algorithm (GA) at excitation wavelengths 532 nm (orange), 500 nm (green) and 480 nm (red). As pump energies increase from 532 nm to 480 nm, the rate of singlet decay and TT formation decreases, more prominently at early times. Kinetics have been normalized with respect to the singlet maximum giving insight into the TT yield which is the highest at 532 nm excitation and the lowest at 480 nm excitation. Figure 6 . Spectral deconvolution of the ps TA data shown in figure 5a at excitation energies 532 nm (orange), 500 nm (green) and 480 nm (red) done by means of a genetic algorithm (GA) predicted two distinct species shown in (a) and (b). The first GA predicted spectra shown in (a) greatly resemble the S1 spectrum and matches the experimental singlet lifetime of about 12 ps. The singlet spectral shape remains unaltered while the SE and PIA peaks at 580 nm and 650 nm vary in intensity ratio across the three. The second GA predicted spectrum at 480 nm resembles the 1 ns timeslice in the data shown in figure 5a , with a positive feature at 610 nm. From timeresolved photoluminescence data, we assigned the emission at 610 nm as a lowenergy TT species with a rise time of 1 ns. The second GA species shown in (b) is thus assigned to the TT state. (c) shows a cartoon of how TT generation varies with pump-energy. At the highest pump-energy (480 nm), the TT state formed shows a delayed emission at 610 nm while TT states formed at lower pump-energies are nonemissive and dissociates to form triplets. The TT state energies are not drawn to scale. The shift in the position of the 965 nm peak from ps to us is superimposed on to the kinetics mentioned above. The photoluminescence component at 620 nm and above is attributed to the TT state and kinetics of emission at 620 nm, 660 nm overlap greatly with kinetics obtained from TA of the 965 nm band which represents conversion of TT to free triplets up to sub-10 ns. Marker bands of free triplets rise from 3 ns TA spectrum as discussed previously and this causes the deviation in PL and TA kinetics beyond sub-10 ns timescale. The kinetics of 545 nm emission, predominantly from the singlet is faster as shown in the figure and it clearly does not have any TT component. For time-resolved emission scan, the sample was excited at 470 nm and for TA measurements, the sample was pumped at 532 nm and probed in the near-IR region. Table 1 . List of experimental data used is tabulated along columns and processes whose time constants are estimated along rows. All time constants were calculated from raw kinetics data (marked in bold under Spectral features) which match closely with global population kinetics fit by means of genetic algorithm (GA) and decay associated spectral analysis (DAS). Singlet to TT conversion is slower at higher pump energy, while the TT rise time is not affected considerably. TT converts into free triplets with a lifetime of 3 ns and triplets ling longer than 2 µs.
Supplementary information Methods
Excitation dependent time-resolved photoluminescence measurements were recorded using an intensified charge coupled device (iCCD). An iCCD is a 2-dimensional multi-channel detector that measures the whole spectrum at once. Morphology dependence in TT formation and triplet formation nm (TT-dominated) show the differences in dynamics at different excitation energies.
As the TT is more emissive at higher energies, the kinetics of this component clearly deviates form that of the singlet, unlike that at 530 nm excitation. 
